Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




‘{ Introduction to Boiling and Condensation
{ Boiling Modes and Boiling Curves
‘( Pool Boiling Correlations

Learning Objectives:
Understand the fundamentals of boiling

{Calculate heat transfer in pool boiling



Boiling: heat transfer from the wall to the fluid Condensation: heat transfer from the fluid to the wall

Fluid motion controlled by: Phase Transition = Isothermal Process
Surface tension ¢ at the liquid-vapor interface Latent heat (h/,) is exchanged between solid and fluid

Small solid/fluid AT




Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

qs = h(T; — Tsqt) = hAT, AT, excess temperature

. FluidDynamics e HeatTransfer o)

Pool boiling Saturated Boiling
the liquid is initially quiescent and only free convection occurs Ts > Tgqt , the bubble must rise
Forced boiling Subcooled Boiling

the fluid is moving while it boils (e.g. inside a pipe) T, < Tqt , the bubbles can re-condense in the liquid



Saturated Pool Boiling q. = h(T, — T,,;) = hAT,

Boiling regimes

Free convection Nucleate Transition Film

Isolated  Jets and
bubbles  columns

% Nucmateg@”’”?_ﬁ?ﬂf . e’ Boiling curve of water at 1 atm The solid curve is followed when we

2 S control AT,. However in most
applications we control g. In such a
..... . case (as in the previous experiment) we

Boili isi
oiling crisis observe:

Critical heat flux, gpmax

"
Qmax

C->E : boiling crisis - past the critical heat
flux a film of vapor rapidly replaces isolated
bubbles. The thermal conductivity of the
vapor film is much less than that of the liquid
and the surface temperature suddenly
increases to much higher values

’
[~ dmin
Leidenfrost point, gqi,
This can cause the failure of the component.
Hence, when designing a heat exchanger
we must be sure not to surpass the critical
heat flux condition.
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TapLe 10,1 Values of C, / for various
surface—fluid combinations [5-7]

AT,

s,fhfgpr?

Surface-Fluid Combination

Coy n

‘Water-copper

Scored 0.0068 1.0

Polished 0.0128 1.0
‘Water-stainless steel

Chemically etched 0.0133 1.0

Mechanically polished 0.0132 1.0

Ground and polished 0.0080 1.0
‘Water—brass 0.0060 1.0
‘Water-nickel 0.006 1.0
‘Water—platinum 0.0130 1.0
n-Pentane-copper

Polished 0.0154 L7

Lapped 0.0049 1.7
Benzene—chromium 0.0101 L7
Ethyl alcohol-chromium 0.0027 1.7
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9Py (p1 — py)hsy D3
#vkv(Ts - Tsat)

NuD=C

Where ey = heg + 08¢y, (Ts — Tsqr)
C = 0.62 for horizontal cylinders

C = 0.67 for spheres

With properties estimated at Ty = —(TS+2TS‘1‘)

If Ty > 300C , radiation is also present. We estimate the total convection coefficient as:

— 3
h = heony + Zhrad

where h.,p, has to be estimated with the previous correlation and h,,q = [€0(Te — Tar, )1/ (Ts — Tsat)



This Lecture

Forced Convection Boiling

/ External

H Internal

Learning Objectives:
O Calculate heat flux and convection coefficient in forced convection boiling



Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

qs = h(T; — Tsqt) = hAT, AT, excess temperature

. FluidDynamics e HeatTransfer o)

Pool boiling Saturated Boiling
the liquid is initially quiescent and only free convection occurs Ts > Tgqt , the bubble must rise
Forced boiling Subcooled Boiling

the fluid is moving while it boils (e.g. inside a pipe) T, < Tqt , the bubbles can re-condense in the liquid




Forced Gonvection Boiling

Buoyancy + Forced Convection

:‘1}3 Vapor, 1 atm [o:

> External Flow

» Internal Flow (two-phase flow)
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Forced Gonvection Boiling: External Flow (heat flux]

Cylinder

Use both correlations to calculate g, 4., then verify the validity conditions and
keep the one that is true.

. 1/2 : 1/2
Low Velocity, i.e. -Imex_ > [% (2 + 1] . High Velocity, i.e. Imex_ < [&75 (&) + 1] :
pohggV T \py pvhsgV T \py
o 1 . 4 \1/3 " (ﬂ)3/4 (ﬂ)l/z
pohygV T Wep Amax _ \Pv) , _ \Pv

pohegV  169m " 19.27We,'/?

V2D
Where Wep, = p”a

V = fluid velocity

1"



This Lecture

Learning Objectives:

Forced Convection Boiling

/ External

H Internal

O Calculate heat flux and convection coefficient in forced convection boiling
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| Subcooled liquid

Strong radial T gradients:

- bubbles nucleate at the

Wall Iy ___ Subcooled o
pubbles | ™ flow boiling wall and saturated liquid

flows in the core

Liguid

< ——— Liquid forced Single-phase internal-flow
convection . .
convection correlatlon




1&

Saturated liquid

Vapor
slug - ——— S[ug
Core
bubbles

1< ——— Bubbly |
Wall ll:“' |”I| ___ Subcooled
bubbles 3 flow boiling

The core of the liquid reaches
saturation temperature and
bubbles can be present at any
radial position within the tube:
— time-averaged mass-fraction
of vapor X >0 atanyr

Mean vapor mass fraction:

f N pulr, x) XdA,

m

X=

— mean fluid velocity u , increases
with x
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| Saturated liquid
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Vapor

Liguid
droplets

e ——— Mist

< —— _ vapor forced
conyestion

At the end the vapor is
superheated, there are no
droplets and a single-phase
forced-convection with vapor is
established

After a transition zone where
the annular films breaks up,
eventually the entire surface of
the tube is dry.
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Forced Gonvection Boiling: Internal Flow
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Forced Gonvection Boiling: Internal Flow

Saturated flow boiling in smooth circular tubes: use the largest h between

0.7
h o : _
— =0.6683 (pl) X016(1 — X)064£(Fr) + 1058 s (1-X)°8G,
hsp v m hfg
h 0.45 " 0.7
— =1.136 (pl) X072(1 = X)%%8f(Fr) + 667.2 s (1-X)08G
hsp v m h’fg

Where X(x) = vapor quality = qsDx /(i heg)

m =m/A,

TABLE 10.2  Values of G, ,for various
surface—liquid combinations [27, 28].

Fluid in Commercial Copper Tubing G,y

Kerosene 0.488
Refrigerant R-134a 1.63
Refrigerant R-152a 1.10
Water 1.00

For stainless steel tubing, use &, .= 1.

- Horizontal tubes Horizontal tubes
tubes r>0 04 Fr<0.04

| f(Fr) ] 1 f(Fr) = 2.63Fr°3

hg, = single-phase convection coefficient calculated with the right correlation for internal forced convection
assuming all the mass is flowing in the liquid form. Use the saturation temperature as reference.

FT — (m”/pl)z
gD



Forced Gonvection Boiling:

0.6 kg /s of saturated H>0 at T, = 207°C flows in a 5 cm diameter ver-
tical tube heated at a rate of 184,000 W/m2. Find the wall temperature
at a point where the quality x is 20%.

TasLE A.6  Continued

Specific Heat of Specific Thermal )

Volume Vapor- Heat Viscosity Conductivity Prandtl Surface
Tempera- (m*/kg) iraton,  (kJ/kg-K) (N - s/m°) (W/m- K) Number T"“"“""';'
ture, T Pressure, ':’Js . . i o= 10
(K) p(bars)®  u,-10° v, (kl/kg) G #1000 p - 10° ko107 ko100 Prp Pr, (N/m)
440 T.333 1110 0.261 2059 4.36 2.46 162 14.50 G8Z 307 Lo4 112 45.1
450 9.319 1.123 0.208 2024 4.40 2.56 152 14.85 678 331 099 114 429
460 11.71 1.137 0.167 1989 4.44 2.68 143 15.1% G673 34.6 095 117 40.7
470 14.55 1.152 0.136 1951 448 279 136 15.54 GET 363 092 120 38.5
480 17.90 1167 0111 1912 4.53 2.94 129 15.88 G0 38.1 089 1.3 6.2
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0.6 kg /s of saturated H>0 at T, = 207°C flows in a 5 cm diameter ver-
tical tube heated at a rate of 184,000 W/m2. Find the wall temperature

at a point where the quality x is 20%.

0.6
- 2
m =m/A, = 0.001964 = 305.6kg/m*s

Re = mTD = 1.18 - 105 > 2300 (turbulent)

Nup, = 0.023Rep/*Pro4 = 251

k
hep = ——— = 3318 W/m2K

0.7
h ot . _
06683 (pl> X016(1 — )06 4 1058( —L | (1-X%)°% =38
hsp v m hfg

Py m hfg

TasLe 10.2 Values of G, ;for various
surface—liquid combinations [27, 28].

Vertical Fluid in Commercial Copper Tubing [
Kerosene 0.488
tubes Refrigerant R-134a 1.63

Refrigerant R-152a 110

f (F ‘r) 1 Water 100

For stainless steel tubing, use G, ;= 1

CI; = h(Ts -

045 w07
%—1136([)1) X072(1 — X)°°8+6672< s ) (1-X°9=47 ® h=15496.7 W/m?K

Sp

Tsat) é

T, = 207 +

AT, = 11C

184000

15496.7
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This Lecture

Learning Objectives:

Q

Forced Convection Boiling

External

Internal

v Calculate heat flux and convection coefficient in forced convection boiling
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Jupyter Notehook

https://go.epfl.ch/ConvectionNotebook
Run -> Run All Cells

3. Internal forced convection o

3.1 Introduction > >

3.2 Energy balance > >

3.3 Convection correlations > >

3.3 Heat transfer enhancement > >
3.4 Influence of parameters > >
3.5 Guided Exercise : Pipe > >
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https://go.epfl.ch/ConvectionNotebook

Next Week

| Condensation

O Laminar Film Condensation on a Vertical Plate
O Film Condensation on a Vertical Plate: Correlations
O Film Condensation on Radial Systems

O  Correlations for Laminar Flow

| Overall Heat Transfer Coefficient

Learning Objectives:
[ Understand condensation

(1 Calculate convection coefficient in selected cases

25
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